The diffract-before-destroy method, using 50-to 100-fs x-ray pulses from a free-electron laser, was designed to determine the three-dimensional structure of biological macromolecules in close to their natural state. Here we explore the possibility of using short electron pulses for the same purpose and the related question of whether radiation damage can be outrun with electrons. Major problems include Coulomb repulsion within the incident beam and the need for high lateral coherence, difficulties that are discussed in terms of existing and future electron sources. Using longer pulses of electrons appears to make the attainment of near-atomic resolution more feasible, at least for nanocrystalline particles, whereas obtaining this information from single-molecule particles in an aqueous environment seems a more distant goal. We also consider the possibility of serial crystallography using a liquid jet injector with a continuous electron beam in a transmission electron microscope (TEM).
Background
The understanding of biological processes at a cellular level requires a knowledge of the structure of macromolecules (such as proteins) or other entities (such as viruses). Ideally, a resolution better than 0.3 nm is desired and is achievable by means of x-ray diffraction from a crystal, combined with algorithms to extract the phase of the diffracted beams to generate a three-dimensional structure, the so-called diffractive imaging [1] . Spreading the x-ray dose over many identical units, as in a crystal, greatly reduces the problem of destruction of the molecules by radiation damage [2] . In some cases, however, crystals of sufficient size are difficult or impossible to grow [3] and prolonged x-ray diffraction from smaller crystals reintroduces the problem of damage.
An alternative method is cryo-TEM. Since electrons interact more strongly with solids, smaller crystals can be used, embedded in ice, and examined at low temperature [2, 4] . Because electron lenses allow subatomic resolution, direct imaging can be used. Problems of specimen distortion under the beam are mitigated by the use of a fastreadout direct-exposure detector [5] , allowing images to be read out rapidly and shifted into register [6] . Phase contrast is obtained by substantial defocus of the specimen, although improved phase plates may achieve a better contrast-transfer function with an in-focus specimen [7] .
One objection to the use of crystals (and cryogenic techniques) is that the outer (tertiary) structure of a biomolecule may differ from that in its in vivo cellular environment. The so-called single-particle imaging uses individual particles deposited in different orientations on a substrate, embedded in vitreous ice, or negatively stained. Two-dimensional images of thousands of particles are recorded at low electron dose (resulting in a poor signal/noise ratio) and are then used to construct the three-dimensional structure with subnanometer resolution, in a way similar to electron tomographic imaging [8] .
Methods

Diffract-before-destroy with x-rays
In response to the problems of radiation damage and the challenge of growing large crystals, a serial crystallography method was developed that takes advantage of the short (50 to 100 fs) but very intense pulses produced by an x-ray free-electron laser (XFEL) [9] . The x-ray beam has typically been 2 μm in diameter but will eventually be focused to 100 nm [9] . It is aimed at particles in the form of small crystals, single macromolecules, or viruses, contained in a liquid jet up to 2 μm in diameter and traveling at about 10 m/s or contained within aerosol droplets. Each particle is destroyed by the x-ray pulse, but there are sufficient (≈10 12 ) photons within the first 50 fs to provide a diffraction pattern, from which the particle orientation can be determined. During this short time, the atomic structure of the particle remains intact and the measured structure is approximately that of the undamaged molecule. Repeating this process with some thousands or millions of particles provides enough information for the three-dimensional structure of the molecule to be determined by diffractive imaging. Because the phase of each diffracted beam must be well defined, a highly parallel x-ray beam is required: the transverse coherence length should be at least twice the particle diameter [10] .
In the limit of a very short pulse, wavelength-limited resolution would be possible for an arbitrarily small sample without damage, breaking the usual connection between dose, damage, and resolution [11] . For longer pulse durations, high-order diffraction spots are found to fade, as later portions of the pulse encounter previously damaged material, and resolution is lost.
The first XFEL experiments were conducted with 2-keV photons [12] , the energy being subsequently increased to over 8 keV. The absence of damage was established using inorganic specimens and the technique then applied to biomolecular nanocrystals, where the coherent amplification of intensity due to Bragg scattering has allowed atomic resolution to be achieved in three dimensions [9] . Twodimensional protein crystals have also been examined [13] . For single particles such as a virus [14] , the highest resolution achieved so far is about 12 nm for a single-shot (2-D) reconstruction, three-dimensional merging of singleparticle data having proved difficult in practice [14] . The interaction of the x-ray pulses with the specimen has been modeled by computer calculations [15, 16] , which were found to be consistent with experimental data [17] .
Advantages of electrons
High-intensity x-ray beams involve large and expensive facilities: there are less than 70 synchrotron sources and only six free electron lasers in the world at the present time. By comparison, instruments that use beams of high-energy (10 keV to 10 MeV) electrons are relatively compact and inexpensive. The transmission electron microscope (TEM) uses electromagnetic lenses to efficiently focus electrons and can provide direct images with atomic (<0.2 nm) resolution. Besides image formation, electron diffraction, electron energy loss spectroscopy (EELS), and x-ray emission spectroscopy are routinely carried out in the TEM, adding to its analytical power. Admittedly, comparable analytical facilities could be added to x-ray beam lines, as in the case of energydispersive spectroscopy carried out simultaneously with x-ray diffraction [18] .
Electron sources that deliver short (<500 fs) pulses containing over 10 6 electrons have been developed and used for single-shot electron diffraction measurements on inorganic specimens at 100 keV [19] [20] [21] and MeV energies [22, 23] . Therefore, the technology is well developed, and its development is continuing. Electrons are scattered by solids much more strongly than x-rays, so transmission measurements require a thin (<1 μm) specimen. The fact that an electron beam requires high vacuum makes it harder to control the specimen environment, although lithography techniques have recently made environmental cells more practical. In addition, the liquid jet injector developed for XFEL applications has been successfully tested in a 200-kV TEM [24] .
Radiation damage
Besides providing comparable analytical information, xray and electron beams are also similar in their damaging effects. The main mechanism involved is ionization damage (radiolysis), in which valence or inner-shell electrons within the specimen are excited by inelastic scattering (of beam electrons) or absorption (of x-rays). Although this primary process can itself result in the breakage of a chemical bond, most of the damage is believed to result from secondary electrons or photoelectrons that travel through the specimen and cause further bond breakage. For organic samples, various kinds of damage occur on different timescales [25] , from electronic processes on the femtosecond scale, through homogeneous reaction on the nanosecond scale, to tertiary damage (e.g., protein unfolding) on the microsecond or a longer timescale.
Provided radiolysis is not outrun by using short pulses, the amount of damage is usually assumed to be proportional to the deposited energy, leading to its measurement in units of grays (= joules of deposited energy per kilogram). For 8-keV (0.15 nm) x-rays, the damage per elastic scattering event is 10 3 times larger than that for 80-to 500-keV electrons [26] . Because elastic scattering (diffraction) of electrons or x-rays provides the information content of high-resolution structural images, electrons are capable of providing a substantially higher information/damage ratio.
How electrons and x-rays differ
The most significant difference between x-rays and electrons is that the latter carry an electrostatic charge, leading to Coulomb attraction or repulsion in the presence of other charged particles. So whereas the diffraction of x-ray photons involves their interaction with atomic electrons, the elastic scattering (diffraction) of beam electrons arises from their Coulomb attraction towards atomic nuclei. The electronic charge also makes it easy to deflect and focus electrons with high efficiency, but their mutual repulsion in free space leads to spatial and energy broadening of an intense beam.
A second difference between x-ray photons and electrons is that the latter carry more momentum for the same energy. Although the difference diminishes at higher energy, the x-rays used for diffraction have photon energies of typically 1 to 10 keV, whereas the electrons that needed to penetrate even a thin (<1 μm) specimen have kinetic energies of tens or hundreds of keV. As a result, the electron/photon momentum ratio is typically 10 to 100 (see Figure 1) .
One consequence of this higher momentum is that high-angle elastic collisions of electrons can create a second kind of radiation damage: knock-on or displacement damage, which is observed in conducting materials (e.g., metals) as the creation of defects or gradual amorphization of a crystalline specimen. But in most insulating materials, radiolysis provides a far more efficient damage mechanism; although knock-on damage must occur in organic materials, it is likely to be 10 3 to 10 6 times slower than radiolysis [27] . So in practice, the momentum associated with electrons does not appear to represent a significant additional problem with organic samples.
A third fundamental distinction is that electrons are fermions (whereas photons are bosons) and only one electron can occupy the same quantum state. This Pauli exclusion principle places a fundamental limit on the electron density, for a given energy range. Yet even for a field-emission electron source, the degeneracy factor amounts to only about 1.5 × 10 −5 at 300 keV [28] , meaning that the exclusion principle does not significantly affect present-day electron optics. In more practical terms, the highest current density currently achievable with an aberration-corrected lens is J ≈ 10 7 A/cm 2 , corresponding to an electron density n = v −1 (J/e) ≈ 0.5 × 10 16 electrons/cm 3 . This value is small compared to the electron density in metals or the carrier concentration at which degeneracy effects become important in semiconductors.
Experimentally, a further difference arises from the fact that electrons can lose varying amounts of energy in the specimen and continue to the detector, whereas xrays are annihilated when they create a photoelectron (which does not reach the detector). Consequently, there is a much higher inelastic background in the electron diffraction pattern, although this background can largely be removed by energy filtering.
Results and discussion
Imaging with x-rays and electrons X-rays can be focused by a diffraction grating or a zone plate to about 20 nm, although with low efficiency, while electrons can be efficiently focused by an electromagnetic lens to subatomic dimensions. In the case of a beam-sensitive specimen, however, the usable resolution is limited by the radiation dose that the specimen can withstand before changing its structure. The doselimited resolution (DLR) of a two-dimensional image depends on the critical radiation dose D c that creates significant damage and also on the image contrast and the efficiency with which the electrons or photons are used to form the image [29] .
The DLR concept can be extended to threedimensional imaging, where radiation sensitivity sets a lower limit to the size δ of the cubic voxel that defines the resolution limit. Howells et al. [30] calculated the required dose for 3-D x-ray imaging with a signal/noise ratio of SNR = 5 (the usual Rose criterion) and plotted it as a function of δ, as in Figure 2 . They also plotted the maximum tolerable dose D c as a function of δ, based on x-ray and electron diffraction measurements. The point of intersection of these two curves defines the minimum useful voxel size δ.
For comparison with the x-ray case, we will calculate the required dose for electrons, making the same assumptions (which include large contrast between the chosen voxel and its surroundings). The number of electrons passing through a voxel is D e δ 2 , where D e is the dose in electrons per unit area (as commonly used by electron microscopists). Neglecting dynamical effects, the fraction of electrons that are elastically scattered (diffracted) is F = 1 − exp(−δ/λ e ) ≈ δ/λ e for δ << λ e , where λ e is the total mean free path for elastic scattering. The number of diffracted electrons is therefore N e = D e δ 2 F ≈ D e δ 3 /λ e . Regarding N e as a signal, its associated shot noise is N e 1/2 and the signal/noise ratio is SNR = N e /N e 1/2
= N e 1/2 . The required electron dose is then D e = N e /(δ 3 / λ e ) = (SNR) 2 (λ e /δ 3 ), where SNR = 5 is the required signal/noise ratio. For a direct comparison with x-rays, the radiation dose must be expressed in grays, using the relationship: 
where ρ is the specimen density (in kg/m 3 ), E m is the mean energy loss (in J) per inelastic collision, and λ i is the total mean free path (in m) for inelastic scattering of the electrons. The required electron dose is then:
For an organic material, we can take ρ = 1.35 × 10 3 kg/ m −3 , (λ e /λ i ) ≈ 3 (the value for carbon), and E m ≈ 35 eV = 5.6 × 10 −18 J, giving D(Gy) = (3.1e8)/δ(nm) 3 , independent of the electron energy (as is the damage dose, if expressed in grays). This 1/δ 3 dependence is the same as that for x-rays at small δ and is a property of incoherent imaging [30, 31] .
The required electron dose given in Equation 2 is shown by the solid line in Figure 2 . Its intersection with the damage dose line (dotted) defines a dose-limited resolution of about 1.5 nm, a factor of ten better than the x-ray value. Because of the δ 3 dependence in Equation 2, this result is in accord with a 10 3 higher signal/ damage ratio for electrons [26] .
Both x-ray and electron calculations are optimistic in assuming negligible scattering outside the chosen voxel and an ideal detector (DQE = 1) that collects all diffracted electrons. By using crystalline specimens, x-ray diffraction and cryoelectron microscopy overcome these limitations by combining information from many (n) identical units, increasing the signal by a factor of n or (equivalently) spreading the damage over n molecules. The resolution is then improved by a factor ≈n 1/2 , at the expense of placing the molecules in a less natural state.
Diffract-before-destroy provides an alternative solution: by outrunning the damage, the need for crystallization is (in principle) avoided. We now consider whether this option is feasible with electrons, which necessarily involves a pulsed electron beam.
Properties of pulsed electron beams
The radio-frequency photocathode source that injects electrons into a free-electron laser generates very short (≈100 fs) pulses, containing at least 10 6 electrons and representing an instantaneous current exceeding 1 A [32] , so Coulomb repulsion is important. For the case of a continuous electron beam, Kruit and Jansen [33] discuss three aspects of this repulsion.
1. Global space charge: the effect of all other electrons on a given electron, causing a lateral broadening of the beam. This effect can be reduced by going to high (near-relativistic) beam energies, where the magnetic attraction of two parallel-moving electrons helps to compensate for their electrostatic repulsion. With ideal electron lenses, the space-charge effect can be compensated by refocusing [33] . 2. Trajectory displacement [34] , a stochastic (statistical) effect due to interaction between individual pairs of electrons, which cannot be removed by refocusing. 3. Energy broadening, also known as the Boersch effect, which destroys the longitudinal coherence of the beam and increases the chromatic aberration effects of any lenses that are used to focus it [35] .
Kruit and Jansen give analytical formulas that help with understanding how these effects depend on parameters such as the electron path length, the beam divergence angle, and beam energy. Figure 3a shows the predicted stochastic broadening of a 100-keV continuous beam of diameter 200 μm, focused by an ideal lens towards a point over a distance of 10 cm (convergence semi-angle = 1 mrad). As the beam current I is increased from 10 nA to 1 mA, the crossover diameter increases from subatomic dimensions to 10 μm and the beam enters a regime where both the particle statistics and the current density profile are Gaussian. The beam diameter is then proportional to I 1/2 , and increasing the current has no effect on the current density, which is limited to J ≈ 2,000 A/cm 2 . If the beam energy is increased to 2.5 MeV, a similar behavior is predicted (Figure 3b ) but the beam current can be increased to I ≈ 1 A before the lateral broadening exceeds 1 μm, allowing a current density of J ≈ 60 MA/cm 2 . This example illustrates how ) as a function of the voxel dimension δ, according to [30] . The solid line is the required electron dose calculated from Equation 2, taking λ e /λ i = 3 and E m = 35 eV. The dotted line represents the maximum tolerable dose, as determined by measurements by x-ray and electron diffraction measurements (round and triangular data points, respectively). For 3-D single-particle imaging, the best resolution corresponds to the intersection of the dotted line with the dashed line (for x-rays) or the solid line (for electrons).
statistical broadening (as well as space-charge broadening) can be reduced by the use of a high beam energy [36] .
Also shown in Figure 3b is the predicted energy broadening of the beam, which increases proportional to I 1/2
and attains values (>100 eV) that would make energy loss spectroscopy and focusing (for lenses with chromatic aberration) problematic.
For short pulses of electrons, stochastic broadening will be less. A minimum value (assuming broadening only close to the crossover and neglecting subsequent expansion) might be estimated by replacing the beam length L by the electron bunch length vT, giving a reduction factor (vT/L) 2/3 ≈ 300. For annular dark-field (>5 mrad) imaging of 10-ps pulses containing a million 5-MeV electrons, Armstrong et al. calculated the image blur profile to have a full width at half maximum (FWHM) width of 6.6 nm [37] .
In practice, space-charge broadening appears to be the dominant effect in high-intensity beams. Figure 4 shows calculations of Renkai Li (personal communication) using General Particle Tracer software (3Dmesh, 3Dtree-code) to predict focusing of 100-fs pulses (containing a million 2.5-MeV electrons) by a magnetic field of peak strength B 0 and length 2.2 cm (FWHM), as in the objective lens of the 3-MeV UEM at Osaka University.
For B 0 = 1.0 T, the smallest beam diameter is about 4 μm (Figure 4a) . Focusing increases the energy spread ( Figure 4b ) and length (Figure 4c ) of the pulse, besides distorting the pulse shape (Figure 4d ). Note in Figure 4b that the energy spread of the electron pulse increases markedly after focusing by the lens (at z = 10 cm), due to the increased stochastic interaction (Boersch effect).
An electron pulse lengthens during propagation in free space (within the first 5 cm in Figure 4c ) due to velocity spread of the electrons [38] , but radio-frequency (RF) cavity electron sources can produce a chirped pulse (velocity higher at the back of the pulse) to counteract this effect, so that the electrons arrive at a specified plane longitudinally focused [19] .
Requirements for diffractive imaging
Deriving an image of a particle through its diffraction pattern does not provide any information additional to what could be obtained from direct phase-contrast imaging with an ideal lens. However, diffractive imaging requires no focusing lenses after the specimen, thereby minimizing the loss of spatial resolution due to lens aberrations and energy broadening at beam crossovers, where the current density is high.
The RF cavity XFEL source, which produces pulses of duration T ≈ 100 fs, is also used for ultrafast electron diffraction (UED) experiments [22, 23, 39, 40] . To illustrate the signal collection requirement associated with using such a source for diffractive imaging, consider a particle of diameter d within a pulsed beam of diameter D, as in Figure 5 . The number of electrons diffracted by a single pulse is
where N p is the number of electrons per pulse and λ e is the mean free path for elastic scattering. In what follows, we will take N d = 10 3 , since phases of the diffracted beams must be determined, although the value might be much lower for incoherent imaging and possibly a reconstruction algorithm could be used that does not require indexing a diffraction pattern from each particle [41] . Assuming N p ≈ 10 , exceeding the estimated stochastic limit (Figure 3b ) even when reduced (for 100-fs pulses) by a factor of 300.
The above calculation assumes structure determination from single isolated molecules, which is the future goal of XFEL crystallography [9] . If instead the specimen consists of crystals of length 500 nm along x-, y-, and z-axes, the required beam diameter is D ≈ (N p /N Figures 3b and 4 shows that these requirements can be satisfied, so the quantity of the diffracted signal is sufficient.
However, we must also consider beam coherence, which determines the quality of the signal. For diffractive imaging with a beam of angular spread ±α, the transverse coherence length λ T = λ/(2πα) must exceed the particle size or the unit cell size in the case of a crystal [10] . For a typical protein molecule, this implies λ T > 10 nm and α < 6.6 μrad for 2.5-MeV electrons (λ = 0.42 pm) or α < 60 μrad for 100-keV electrons (λ = 3.7 pm). For XFEL x-rays, whose wavelength λ exceeds 100 pm, the beam divergence requirement is readily satisfied, but for electrons, this is not so. For example, existing UED sources provide α ≈ 300 μrad and λ T < 1 nm for a 2.5-MeV beam diameter of 100 μm [40] or λ T ≈ 3 nm for a 500-μm spot at 100 keV [39] .
The angular divergence α is related to the beam brightness B = J/(πα 2 ), which cannot exceed the brightness of the electron source (unless pulse compression is used). For structural imaging of 10-nm molecular particles with 100-fs pulses of 2.5-MeV electrons, we need α < 6.6 μrad for adequate lateral coherence and J = 1. [22, 40] , source brightness is clearly a major problem.
For 100-keV electrons, where λ T > 10 nm implies α < 60 μrad and N d = 1,000 requires J = 3.2 × 10 10 A/cm 2 for N p = 10 6 , the required brightness is B = 2.8 × 10 18 A/ cm 2 /sr. For 500-nm crystals, this becomes J = 0.26 MA/ cm 2 and B = 2.3 × 10 13 A/cm 2 /sr, although in this case, a crystal as thick as 500 nm would cause strong dynamical scattering [42] that would complicate interpretation of the diffraction pattern.
An electron source can be characterized by a brightness B = I/(πε) 2 , by a transverse emittance ε = rα, where r and α are the beam radius and divergence semi-angle, or by a normalized emittance: ε* = γ(v/c)ε, where v is the electron speed and γ = (1 − v 2 /c 2 ) −1/2 . Both ε and B are conserved in an ideal optical system but are degraded by Coulomb repulsion between electrons, which reduces B and increases ε. An even more useful measure is the coherent fluence: N c = N p λ 2 /ε 2 = πλ 2 B T/e, which is unaffected by electron acceleration, beam focusing or apertures, space charge, or pulse compression but is degraded by lens aberrations and stochastic interaction [43] . For diffraction-contrast images, N c ≈ 1 suffices, but for phase-contrast or diffractive imaging, N c > 10 is required, whereas current UED systems have N c << 1 (Bryan Reed, personal communication), hence the need for electron gun development, which includes maximizing the extraction field at the photocathode, ensuring low capacitance (for short pulses), and reducing the thermal emittance by using a low cathode temperature.
Cold-atom sources promise a substantial improvement in coherence and control over Coulomb repulsion forces [44, 45] . Electrons are emitted over a relatively large area by near-threshold laser ionization of an ultracold gas (e.g., Rb atoms). By adjusting the shape of the laser field, the shape of the emitted electron bunch can be tailored to ensure low beam divergence and allow standard electron optics to reverse the Coulomb expansion of each bunch [46, 39] . For 5-ns 1-keV bunches containing 10 5 electrons, a transverse coherence length of 10 nm was achieved and a brightness exceeding 10 11 A/cm 2 /sr [46] , corresponding to N c > 1.5 × 10 −3 . More recently, 150-ps bunches of 1-keV electrons have been produced with a coherence length ≈4 nm [47, 48] . With further development, it seems that pulsed electron beams could perform serial crystallography of nanocrystals, with structure determination from isolated macromolecules a more remote possibility.
Diffract without destroy
The very large x-ray fluence produced by a free-electron laser (≈10 12 photons per pulse) results in a dose rate of the order of 10 21 Gy/s [49] , and a protein molecule is destroyed within 50 fs [50] . From Equation 1, the electron dose rate is dD(Gy)/dt = (J/ρ)[E m (eV)/λ i ], where E m (eV) is the mean energy loss in eV per inelastic collision. For J = 10 8 A/cm 2 (100-fs pulses containing 10 6 electrons, focused to 1 μm), the dose rate is below 10 14 Gy/ s, seven orders of magnitude less than the XFEL case.
If we characterize electron damage by a critical fluence D c measured at a low dose rate, destruction within a time T requires J T > D c . For T = 100 fs and D c = 0.01 C/ cm 2 (typical of a sensitive organic material) [42] , the current density would need to exceed 10 11 A/cm 2 , higher than what is achievable or required for 0.3-nm imaging from 500-nm crystals. So reliance on nuclear inertia to outrun radiation damage is not necessary with electrons, thanks to their higher diffracted signal in relation to the energy deposition.
Only if J > 10 12 A/cm 2 were possible (the value that might be needed for imaging single-molecule particles) would the molecules be destroyed by a single 100-fs pulse. 
Using longer pulses for electrons
So far, we have assumed 100-fs pulses because such pulses are appropriate for XFEL measurements [50] and because the corresponding electron pulses are available for UED experiments [22, 23] . However, King et al. [51] have reported hydrodynamic simulations that predict an image resolution of 0.4 nm within a 10-nm molecule, for 2-ps pulses containing ten million 100-keV electrons focused to 100-nm diameter. The ability to use longer (ps or ns) pulses would make electrons more feasible for serial crystallography. For a given signal per pulse, the current density would be reduced, easing the Coulomb repulsion problem and the source brightness requirement.
Electrons have relatively large elastic scattering cross sections: 2 × 10 −23 m 2 at 2.5 MeV or 7 × 10 −23 m 2 at 100 keV, compared to ≈10 −27 m 2 per carbon atom for 8-keV x-rays [26] . Therefore, 100-fs pulses containing ten million electrons should produce almost as large a diffraction signal as 8-keV XFEL pulses containing 10 12 photons, for a nanocrystal of the same size. These electron pulses would therefore be capable of providing 0.4-nm resolution from biomolecules, as in previous XFEL measurements. A pulse duration of 2 ps rather than 100 fs does not change the calculation, so the prediction of King et al. [51] appears reasonable in terms of spatial resolution. However, focusing a 100-keV beam (with 10 7 electrons per pulse) down to 100-nm diameter implies a current of 0.8 A and current density of 8,000 MA/cm 2 , which appears unattainable (see Figure 3a) .
Using a 2-μm-diameter beam, as in many XFEL measurements, would reduce the current density to 20 MA/ cm 2 , well above the stochastic limit (≈2,000 A/cm 2 ) for a continuous beam. But if that limit is much lower for 2-ps pulses and if space-charge broadening can be reversed by lens focusing [39] , the fluence associated with each 2-ps pulse would be 4 × 10 −5 C/cm 2 , well below the characteristic dose (≈10 −2 C/cm 2 ) for biological material exposed to 100-keV electrons [42] . For a beam divergence below 60 μrad, however, a source brightness B > 2.5 × 10 10 A/cm 2 /sr is required. It has been suggested that the damage that degrades the diffracted signal occurs more slowly with electrons than with x-rays, electrons producing less nuclear displacement for the same energy deposition. However, both electrons and x-rays deliver energy to the electrons of the sample and the mechanisms of energy transfer to nuclei are presumably the same and take place within 1 fs [52] . At high particle flux, atomic motion is limited by the inertia of the nuclei but at lower flux by the energy-deposition rate. It seems unlikely that electron sources will attain the brightness of an XFEL source, which allows diffraction measurements to take advantage of the nuclear inertia, but the aim of serial crystallography is to obtain diffraction data, not to outrun damage.
Another possibility is that the diffracted signal of electrons persists longer than with x-rays, for the same energy deposition. This idea is related to the fact that electrons diffract from the electrostatic field of atomic nuclei, whereas x-rays diffract from the surrounding electrons. If atoms of the specimen became totally ionized, with all electrons stripped from the nuclei, the xray diffraction signal would disappear but electrons would still be diffracted. However, this situation is believed to occur only for very high x-ray intensity (>10 13 photons/pulse, with a 100-nm focus). Through photoabsorption and Auger emission, a typical XFEL pulse strips about three electrons from each carbon atom, with only a modest change to the x-ray diffraction pattern. This change is represented by an electronic component R elec in the R-factor that describes the reduction in data quality, and appears faster than the degradation R nucl due to the displacement of atomic nuclei. For 12-keV x-rays and below 10 12 photons per pulse, R elec < 15% (acceptable damage) up to 40 fs, after which R nucl becomes important [15] . So even if the diffraction of electrons were sensitive to R nucl only, this is unlikely to be a substantial advantage.
Continuous-beam serial crystallography
The limiting case of a long pulse is a continuous beam, as employed in most electron microscopes. Deponte et al. tested their liquid jet injector in a differentially pumped sample chamber of a 200-kV TEM and photographed the jet under different flow conditions [24] . For a jet velocity v ≈ 100 m/s, jet diameters down to 350 nm were found to be feasible. However, gold particles within a water jet (mass fraction ≈50 ppm) failed to produce observable diffraction spots. The number of electrons intercepted by each molecular particle during transit is N i ≈ (JT/e)(10 nm) 2 = 0.5, and (for elastic mean free path λ e ≈ 300 nm) the number diffracted is N d ≈ N i (10 nm/λ e ) = 0.017, obviously too low. For an equiaxed crystal of diameter d = 100 nm, the number of diffracted electrons per pulse would be N d ≈ (JT/e)(d Another problem is molecular tumbling, typically 10 8 rad/s for a macromolecule. Within a transit time of 380 s, the molecule would rotate by 38 mrad and produce a blurred diffraction pattern. Laser alignment is a possibility [53, 54] and has recently been achieved [55] . With nanocrystalline specimens, the tumbling rate could be much less and stabilization might be unnecessary.
Particle tumbling is avoided altogether in singleparticle imaging of molecules on a thin substrate [56] where the use of cross-correlation (to determine relative orientation) allows a reduction in the radiation dose relative to visual inspection [57] . The orientation issue is also avoided by the use of crystalline arrays of molecules in the same orientation [58] . Phase-contrast bright-field TEM imaging is normally used for these studies; annular dark-field STEM imaging has been explored [59] but judged to offer a worse signal/noise ratio [60] .
Conclusions
Serial crystallography using an XFEL was developed as a way of determining the molecular structure of biostructures (such as proteins) injected into the beam in a liquid jet or aerosol. The XFEL pulses are less than 100 fs in width but contain ≈10 12 photons, so a diffraction pattern is obtained within the first 40 fs of each pulse, before atoms of the specimen have time to move, making radiation damage no longer a limiting factor. By combining diffraction information from many pulses, threedimensional molecular structures have been determined with 0.2-to 0.4-nm resolution from small crystals. With anticipated engineering advances, the same resolution may eventually be possible from isolated molecules [9] .
Employing short bunches of electrons for the same purpose suffers from two major problems: Coulomb repulsion between the electrons in each bunch and the beam coherence requirement for phase-contrast imaging. Space-charge and stochastic repulsion, together with the associated energy broadening, make lens focusing problematic. The use of diffractive imaging avoids the need for post-specimen focusing, but Coulomb repulsion between the incident electrons (before they arrive at the sample) limits the current density, the signal from each molecule, and the spatial resolution of the analysis. Both space-charge and stochastic repulsion are reduced by using MeV rather than keV electron energies, but the repulsion problem still appears severe.
A second problem is the relatively low lateral coherency of an electron beam, arising from the shorter wavelength of the electrons compared to x-rays and the lower brightness of electron sources relative to the XFEL. Cold-atom sources offer the possibility of a substantial improvement in coherence, together with some control over the Coulomb repulsion effect.
Using longer electron pulses would reduce the current density and coherency requirements. Even so, substantial further development of higher-brightness electron sources, preferably with the use of MeV energies, appears necessary for three-dimensional diffractive imaging of beam-sensitive specimens with close to atomic resolution and subnanosecond time resolution.
Serial crystallography is also possible by particle injection into the continuous electron beam of a TEM. However, the limited brightness of field-emission sources is a major obstacle, together with molecular tumbling (unless laser alignment is used). The techniques of cryo-TEM and single-particle TEM imaging avoid these problems by measuring a large number of stationary molecules, directly imaged by electron lenses, and have benefited from the recent availability of fast-readout direct-recording detectors. The molecules are then not in their natural wet state but the need for large crystals is avoided, making these TEM techniques competitive with x-ray crystallography.
In conclusion, short (<100 fs) pulses of electrons will not replicate the XFEL experience of outrunning primary ionization damage, although secondary and tertiary damage is easily overcome because of the longer timescales [61] . But thanks to the higher diffractive power of electrons, it is not necessary to outrun all damage in order to obtain a signal sufficient to determine the three-dimensional structure of macromolecules at near-atomic resolution, at least using nanocrystalline specimens, and given sufficient further development of high-brightness electron sources.
During this time, XFEL techniques will be moving from crystals towards single molecules and many important structures will have been solved using XFEL, single-particle imaging, or cryomicroscopy in the TEM. Even so, pulsed electron beams are attractive because of their ability to provide time resolution in both repetitive (stroboscopic) and non-repetitive (single-shot) modes, allowing such things as 'molecular movies' and the study of phase transitions [43, 51] . Incoherent contrast will suffice for many of these applications, and single-pulse dark-field images with subnanometer resolution may be possible with an RF gun source and aberration-corrected lenses [43] .
